Abstract: A total of 112 weanling pigs with an average body weight of 6.70 ± 1.31 kg were allotted to one of four experimental diets for a 6 wk feeding trail to evaluate the effects of protected organic acids on growth performance, nutrient digestibility, and fecal microbial counts. Diets consisted of basal diet (CON), CON + 0.2% unprotected organic acid (UOA), CON + 0.1% protected organic acid (POA1), and CON + 0.2% POA (POA2). Feeding POA diets to weanling pigs increased (P < 0.05) the average daily gain (ADG) during 0-2 wk and overall experimental period, and it also increased (P < 0.05) the apparent total tract digestibility (ATTD) of dry matter (DM) compared with UOA. The addition of increasing levels of POA showed greater (linear effect, P < 0.05) ADG, gain/feed ratio, and ATTD of DM. In addition, dietary inclusion of increasing levels of POA linearly increased (P < 0.05) the fecal Lactobacillus counts, whereas the Escherichia coli and Salmonella counts, diarrhea score, fecal ammonia, and acetic acid emissions were reduced (linear effect, P < 0.05). In conclusion, dietary supplementation of 0.2% POA to weanling pigs has the potential to improve growth performance and reduce diarrhea incidence while balancing microbial counts.
Introduction
The weaning period is one of the most critical stages in the life cycle of pigs. A combination of stressful circumstance can generally result in conditions favoring the occurrence of different bacterial and viral illnesses (Wallgren and Melin 2001) . Early-weaned piglets are exposed to several stress factors, including nutrition stress and stressful indoor environment of housing (Laine et al. 2008) . Among a variety of candidates for replacing antibiotics, organic acids (OA) have been broadly applied worldwide with reasonable success (Mroz 2005) . Several previous studies have demonstrated that, under normal physiological condition, dietary inclusion of OA is beneficial to weanling pigs (Lallès et al. 2004; Øverland et al. 2008) . The OA can improve their growth performance and reduce the post-weanling diarrhea (Kiarie et al. 2008; Wang et al. 2009 ). In our previous studies, we have noted that medium-chain fatty acids (MCFA) combined with OA can be considered as an alternative of additive to improve the performance of growing pigs (Upadhaya et al. 2016) , finishing pigs (Upadhaya et al. 2014) , and sows (Devi et al. 2016) . With the development of coating technology, protected OA (POA) by matrix coating for targeted delivery to different gut segments has gained considerable attention (Upadhaya et al. 2014) . However, studies on the effect of POA supplementation in weanling pigs are limited. Thus, the objective of this study was to determine the effects of POA supplementation on growth performance, nutrient digestibility, fecal microflora, diarrhea score, and fecal gas emission in comparison with an unprotected OA (UOA) in weanling pigs.
Materials and Methods
The experimental protocol describing the management and care of animals was reviewed and approved by the Animal Care and Use Committee of Dankook University (Cheonan, South Korea).
Source of POA
The matrix-coated OA used in this experiment was provided by a commercial company (Morningbio Co., Ltd., Cheonan, South Korea). This POA consists of MCFA and composite OA. The active ingredients were 17% fumaric acid, 13% citric acid, 10% malic acid, 1.2% MCFA (capric and caprylic acids), and carrier.
Animal management, experimental design, and diets A total of 112 crossbred weanling pigs [(Yorkshire × Landrace) × Duroc] with an average body weight (BW) of 6.70 ± 1.31 kg (28 ± 1 d of age) were used in a 42 d experiment. Pigs were allotted into four dietary treatments according to initial BW and sex in a randomized block design experiment. Each treatment comprised seven pens, with four pigs (two barrows and two gilts) each. The dietary treatments included (1) control, basal diet (CON), (2) CON + 0.2% UOA (UOA), (3) CON + 0.1% POA (POA1), and (4) CON + 0.2% POA (POA2). Pigs were subjected to a two-period feeding program, consisting of phase 1 (days 0-14) and phase 2 (days 15-42). Pigs were kept on slatted plastic floors of an environmentally controlled room. Each pen (1.65 m 2 ) was equipped with a one-side feeder. All experimental diets in mash form were formulated to meet the NRC (2012) nutrient requirements (Table 1 ). All pigs were provided ad libitum access to feed and water through a self-feeder and nipple drinker, respectively, throughout the experiment period.
Sample collection and measurements
Pigs were weighed at day 0, week 2, and week 6 of the experimental period. Feed intake was recorded on a perpen basis to calculate average daily gain (ADG), average daily feed intake (ADFI), and gain/feed (G/F) ratio. Chromium oxide (2 g kg −1 ) was added to the diet as an indigestible marker to measure digestibility. Fresh fecal samples were collected directly via rectal massage from at least two pigs in each pen at end of the experiment to determine dry matter (DM), nitrogen (N), and gross energy (GE) as described before. All fecal and feed samples were stored at −20°C until analyzed.
Fecal samples were dried at 70°C for 72 h. Both fecal samples and feed samples were finely ground to pass through a 1 mm screen. All samples were analyzed for DM (method 934.01; AOAC 2000) , N (method 968.06; AOAC 2000) using an N analyzer (Kjectec 2300 N Analyzer; Foss Tecator AB, Hoganas, Sweden), and GE using an oxygen bomb calorimeter (Parr Instrument Co., Moline, IL, USA). Basal diets were also analyzed for crude fat (method 920.39; AOAC 2000), calcium (method 984.01; AOAC 1995), and phosphorus (method 965.17; AOAC 1995) contents. Individual amino acid (AA) composition was measured using an AA analyzer (Beckman 6300; Beckman Coulter Inc., Fullerton, CA, USA) after a 24 h hydrolysis in hydrochloric acid. Chromium was analyzed via ultraviolet absorption spectrophotometry (Shimadzu UV-1201; Shimadzu, Kyoto, Japan) following the method described by Williams et al. (1962) .
For microbial analysis, about 5 g fresh fecal samples were collected from two randomly selected pigs (one gilt and one barrow) per pen via rectal massage, pooled, and then placed on ice for transportation to the laboratory (Becton, Dickinson and Co., Franklin Lakes, NJ, USA). Microbial analysis was immediately carried out according to the method described by Hossain et al. (2016) . Briefly, 1 g of composite fecal sample from each pen was diluted with sterile saline (10 −7 to 10
) and homogenized. Viable counts of bacteria in fecal samples were determined by plating serial dilutions (10-fold in 1% peptone solution) onto MacConkey agar plates, MRS agar plates (Difco Laboratories Inc., Detroit, MI, USA), MRS-NPNL (MRS agar + nalidixic acid, paromomycin + neomycin sulfate + lithium chloride), sheep blood agar base plates (Oxoid, Basingstoke, Hampshire, UK), and SalmonellaShigella agar plates to isolate Escherichia coli, Lactobacillus, Bifidobacterium spp., Clostridium perfringens, and Salmonella. Numbers of colonies of E. coli and Lactobacillus were counted immediately after incubation at 37°C for 48 h. The incidence of diarrhea in piglets was observed. Diarrheal score of each piglet was recorded on weeks 2 and 6 of the trial. To assess the severity of diarrhea, feces from each pen were scored as follows: 1 = hard, dry pellets in a small, hard mass; 2 = hard, formed stool that remains firm, and soft; 3 = soft, formed, and moist stool that retains its shape; 4 = soft, unformed stool that assumed the shape of the container; and 5 = watery, liquid stool that could be poured. A cumulative diarrhea score per day was then assessed (Smiricky et al. 2002) .
To analyze the fecal ammonia (NH 3 ), hydrogen sulfide (H 2 S), total mercaptans (R.SH), and acetic acid, 200 g of fresh feces were randomly collected from two pigs in each pen by rectal palpation on day 42 according to the method described by Hossain et al. (2016) . Fecal samples were transferred to a sealed box and fermented in an incubator at 35°C for 36 h (35°C). Fermented samples were then analyzed with a gas search probe (Gastec Model GV-100, detector tube No. 3La for NH 3 and acetic acid, No. 4LK for H 2 S, and No. 70L for R.SH; Gastec Corp., Kanagawa, Japan).
Statistical analyses
The data were analyzed using the generalized linear model procedure of SAS version 9.2 (SAS Institute Inc. 1996) in a randomized complete block design using pen as the experimental unit. Preplanned contrast was used to test the basal diet versus UOA diets. Furthermore, linear and quadratic polynomial contrasts were used to examine responses to supplemental graded levels of POA at 0%, 0.10%, and 0.2% in the basal diet. Variability in the data was expressed as the standard error of the mean, and P < 0.05 was considered to be statistically significant.
Results

Growth performance and nutrient digestibility
Results of growth performance and nutrient digestibility of weanling pigs are shown in Table 2 . Dietary supplementation with UOA showed no difference (P > 0.10) on growth performance and nutrient digestibility compared with CON. Feeding POA diet to weanling pigs increased ADG compared with UOA during 0-2 wk (P = 0.0368) and during the overall experimental period (P = 0.0095). The dietary supplementation of POA increased the ATTD of DM (P < 0.05) compared with UOA. Increasing the concentration of POA linearly improved the ADG (P = 0.0092) and G/F (P = 0.0342) during 0-2 wk. During weeks 2-6, there was linear increase in ADG (P = 0.0039), ADFI (P = 0.0345), and G/F (P = 0.0055) of weanling pigs fed diet supplemented with graded levels of POA. Increasing the concentration of POA linearly increased the ADG (P = 0.0003) and G/F (P = 0.0024) during the overall experimental period. Moreover, supplementing the diet with different levels of POA linearly increased ATTD of DM (P = 0.0152) and GE (P = 0.0044) in weanling pigs.
Fecal microflora, diarrhea score, and noxious gas emission
The UOA diet did not have any effect (P > 0.05) on fecal microbial counts, diarrhea score, and gas emission compared with CON diet (Table 3 ). The supplementation of POA increased (P < 0.05) Lactobacillus and reduced Salmonella counts compared with weanling pigs fed with UOA diet. Supplementing diet with different levels of POA increased Lactobacillus (linear, P = 0.0038), and reduced E. coli (linear, P = 0.0125), Salmonella (linear, P = 0.0244) counts, diarrhea score (linear, P = 0.0022; quadratic, P = 0.0431), ammonia (linear, P = 0.0006; quadratic, P = 0.0458) and acetic acid emissions (linear, P = 0.0277) in weanling pigs.
Discussion
Livestock production can make good use of resources, and it can contribute high-quality nutrients to the human diet (Devi et al. 2014) . Weaning is a complex period involving dietary, environmental, social, and psychological stresses that can deeply interfere with feed intake, gastrointestinal tract development and adaptations to the weaning diet (Lallès et al. 2004 ). Postweaning diarrhea is one of the most frequent causes of heavy economic losses in pig herds. Major bacteria that cause diarrhea include E. coli, members of the genera Clostridium, Lawsonia, and Brachyspira bacteria, viral agents, and rotaviruses (Thomsson et al. 2008 ) due to irregular feed intake (Laine et al. 2008 ) and feed structure (Amezcua et al. 2002) . Before 2006, health strategies have widely used antibiotic growth promoters to reduce enteric infections and the occurrence and ability of Note: There were seven replicate pens per treatment with four pigs per pen. CON, basal diet; UOA, CON + unprotected organic acid (UOA) 0.2%; POA1, CON + POA 0.1%; POA2, CON + POA 0.2%; ADG, average daily gain; ADFI, average daily feed intake; G/F, gain/feed ratio; SEM, standard error of the mean. Note: There were seven replicate pens per treatment with four pigs per pen. CON, basal diet; UOA, CON + unprotected organic acid (UOA) 0.2%; POA1, CON + POA 0.1%; POA2, CON + POA 0.2%; SEM, standard error of the mean. a Diarrhea score: 1 = hard, dry pellet in a small, hard mass, 2 = hard, formed stool that remains firm and soft, 3 = soft, formed, and moist stool that retains its shape, 4 = soft, unformed stool that assumes shape of the container, and 5 = watery, liquid stool that can be poured.
pathogens to adhere to intestinal mucosa (Budiño et al. 2005) . These antibiotics were added to feed for piglets during the weaning period with the aim to improve the composition of intestinal microflora in piglets and thus ameliorating the potential consequences (Sørensen et al. 2009 ).
Growth performance
Acidifiers have received much attention in pig production due to their positive effects on growth performance of pigs (Papatsiros et al. 2011) . A beneficial effect of POA on the growth performance, feed intake, and general health condition was observed in the present investigation, resulting in high ADG and G/F in pigs fed POA diet compared with those fed with other diets. These results are in agreement with our previous studies showing that dietary supplementation of POA can improved the growth performance of growing and finishing pigs (Upadhaya et al. 2014 (Upadhaya et al. , 2016 . Consistent with our findings, some researchers have shown positive effects with single or blends of dietary acidifiers. For instance, supplementation of a single acidifier such as formic acid or sorbic acid has improved the growth rate and feed efficiency on weanling pigs (Øverland et al. 2008 ). Likewise, Li et al. (2008) have reported that blends of OA such as botanic acid, fumaric acid, and benzioic acid at the rate of 5 g kg −1 in the diet of weanling piglets can numerically improve their growth performance. However, Canibe et al. (2005) have reported that ADG and ADFI are not affected by diet containing 1.8% formic acid. However, G/F tends to be greater for growing pigs fed with the diet containing 1.8% formic acid (Canibe et al. 2005) . In contrast, other reports have indicated no or negative responses of weaned pigs to single acidifiers such as fumaric acid, citric acid, or formic acid (Radecki et al. 1988; Manzanilla et al. 2004) or blend of acidifiers such as formic acid, lactic acid, and volatile fatty acids (Lee et al. 2007 ). These inconsistent results and highly variable responses might be due to several factors such as stage of growth, diet complexity, type of acid, inclusion level of acid, and health status of pigs. Improvements in growth performances might be due to the antimicrobial activity of OA that can reduce the harmful microflora, thereby reducing the metabolic need of microbes, which in turn enhances the availability of dietary energy and nutrients to pigs.
Nutrient digestibility
The current study showed that POA improved nutrient digestibility during the experimental period. The addition of OA to pig diets has been examined for decades, clearly demonstrating that OA can improve the growth performance and nutrient digestibility of pigs. Mroz et al. (2000) have suggested that OA has a beneficial effect on the apparent ileal and total tract digestibility of nutrients in growing pigs. This might be due to the fact that OA diet supplementation can reduce the acidity through lowering the dietary pH, which might have increased the solubility of minerals. In agreement with our study, Upadhaya et al. (2014) have demonstrated that the dietary POA can improve the nutrient digestibility in finishing pigs. Positive effects of OA on digestibility and growth performance in weanling pigs, which was reported in a previous study, has been found to be primarily a result of the successful inhibition of proliferation of pathogenic bacteria (Dibner and Buttin 2002) . It is expected that the action of the OA might be higher in the proximal portions of the digestive tract (Canibe et al. 2001) . The increase in nutrient digestibility might have resulted from the increased microbial activity in the gastrointestinal tract (Yin et al. 2001 ). However, other reports have indicated that dietary supplementation of OA has no positive response on nutrient digestibility in weanling pigs (Kil et al. 2011 ) and growing pigs (Upadhaya et al. 2016 ).
Fecal microflora and diarrhea score
The present study showed that the number of Lactobacillus counts was increased, whereas numbers of E. coli and Salmonella counts were reduced in the feces obtained from pigs fed with diet supplemented with POA compared with those in other treatments. The addition of OA to the diets of pigs altered the total microbial load. It has been found that OA can particularly affect E. coli and other acid-intolerant organisms (Dibner and Buttin 2002) . The increase in Lactobacillus population could benefit intestinal function by reducing the survival rate of enteric pathogens due to the low pH resulting from the acid produced by the fermentation of Lactobacillus. Similarly, Li et al. (2008) and Ahmed et al. (2014) have reported that blends of OA supplementation can reduce E. coli but increase Lactobacilli numbers in weaned piglets and growing pigs (Upadhaya et al. 2017) .
Possible modes of actions of OA include reducing the pH value of digesta in the gastrointestinal tract (Ravindran and Kornegay 1993) , regulating the balance of microbial populations in the gut, and stimulating the secretion of digestive enzyme (Thaela et al. 1998 ). Thus, the survival rate of E. coli in the present study might have been influenced by low pH because E. coli is less tolerant of acidic pH. Thus, OA might have inhibited the proliferation of pathogenic bacteria in the gastrointestinal tract. It can prevent or reduce the incidence of diarrhea in pigs (Papatsiros et al. 2011) . It can also shift microbiota by increasing fecal Lactobacillus counts but reducing E. coli and Salmonella counts in weanling pigs.
Gas emission
We found that POA exhibited reduced noxious gas emissions, such as NH 3 and acetic acid, compared with other diets, in agreement with results of Upadhaya et al. (2014) showing that dietary inclusion of POA reduced levels of NH 3 and acetic acid in finishing pigs. Cortus (2006) had observed that urinary pH has a major impact on the volatilization potential of NH 3 . As pH is reduced, the concentration of ammonium (NH 4 + ) is increased. However, the concentration of NH 3 is decreased within a solution. Reduction in these odorous gases could possibly be due to a reduction of the pathogenic bacterial population in the gastrointestinal tract or due to enhanced activity of beneficial microbial activity, leading to changes in end products of microbial fermentation and a shift in the ecosystem towards more anabolic status. Our experimental results showed that the POA numerically increased counts of Lactobacillus but reduced the E. coli counts in pigs.
Conclusions
Our results suggest that dietary supplementation with 0.2% POA in weanling pigs can improve their growth performance, increase nutrient digestibility of DM and N, and exert beneficial effects on fecal microflora with reduced incidence of diarrhea. It can also reduce the fecal gas emissions of NH 3 and acetic acid. Thus, dietary supplementation with 0.2% POA is efficacious in weanling pigs, and it can improve the health status and performance of weanling pigs.
